To elucidate the mechanisms underlying pharynx regeneration in planarians, we transplanted pieces excised from various regions of the body into the prepharyngeal or postpharyngeal region, since it has been shown that such transplantation experiments can induce ectopic pharynx formation. We con®rmed the ectopic formation of pharynxes by expression of the myosin heavy chain gene speci®c to pharynx muscles (DjMHC-A). To investigate the cellular events after grafting, we also stained such transplanted worms by in situ hybridization using neuronal cell-and mucous producing cell-type-speci®c marker genes which can detect formation of brain and prepharyngeal region, respectively. When the head piece was transplanted into the tail region, ectopic formation of the head, prepharyngeal and pharynx region was observed in the postpharyngeal region anterior to the graft, while these organs were formed in the reversed polarity along the anteriorposterior (A-P) axis. Furthermore, in the tail region posterior to the graft, ectopic formation of the prepharyngeal and pharynx region was observed. In the reverse combination, when a tail piece was transplanted into the prepharyngeal region, ectopic formation of prepharyngeal and pharynx region was observed in the region between the head and the graft, and an additional ectopic pharynx was also formed in reverse polarity in the region between the graft and host pharynx. These results clearly indicated that ectopic pharynxes were formed as a consequence of the regional reorganization induced by interaction between the host and graft. Furthermore, chimeric analyses demonstrated that the cells participating in ectopic pharynx formation were not exclusively derived from the host or donor cells in the worm, suggesting that the stem cells of the host and donor may change their differentiation pattern due to altered regionality. To further investigate if regional reorganization is induced after grafting, expression of a Hox gene was analyzed in the transplanted worms by whole-mount in situ hybridization. The expression of the Hox gene along the A-P axis was apparently rearranged after grafting of the head piece into the tail region. These results suggest that grafting of the head piece may rearrange the regionality of the host tail, and that stem cells in the region newly de®ned as pharynx-forming may start to regenerate a pharynx. q
Introduction
Although``regeneration'' is a phenomenon widely observed in the animal kingdom, only two types of regeneration have been described so far. One is called``morphallaxis'', in which extensive cell growth does not occur during regeneration and regeneration is mainly performed by the re-patterning of existing tissues. Regeneration of Hydra is a good example of``morphallaxis''. In Hydra, two organizing centers are postulated. kHeadl may constantly produce both the head activator and inhibitor. On the other hand kfootl may produce both the foot activator and inhibitor. When the head is removed, the head inhibitor level in the rest of the body quickly falls, and a new head is formed in the region where the activator level is the highest. That is, anterior stump becomes the new head which reorganizes body patterning along anterior-posterior (A-P) axis without extensive cell proliferation. On the contrary,``epimorphosis'' requires extensive cell growth for regeneration. Old tissues maintain the original pattern and newly growing cells derived from the stump tissues participate in regeneration. Regeneration of the newt limb is known as a typical example of``epimorphosis''. The cells at the margin of the amputation site are stimulated to dedifferentiate, proliferate and form a blastema. Lost parts are formed by pattern formation of the undifferentiated and/or differentiated cells in the blastema.
Freshwater planarians are a good model for studying the processes of regeneration and pattern formation because they have a remarkable regenerative capacity. We previously reported that pharynx-muscle-forming cells appear in a restricted area in the mesenchymal space during regeneration after amputation (Kobayashi et al., , 1999 . These observations contradict the classical view, in which the pharynx rudiment is thought to be composed of undifferentiated cells, and pharynx-muscles differentiate in the pharynx rudiment (Kido, 1961a,b; Asai, 1990 Asai, , 1991 Bueno et al., 1997) . In contrast, our results indicated that the cells involved in pharynx-muscle formation are located in the mesenchymal space outside the rudiment. The results also suggested that the body pattern along the anteroposterior (A-P) axis may be reorganized immediately after amputation, and that undifferentiated cells (neoblasts) distributed in the mesenchymal space (Shibata et al., 1999) are induced to differentiate into pharynx-muscle-forming cells in accordance with the reorganized body patterning.
To elucidate how the pharynx-forming region is determined after amputation, we analyzed the process of ectopic pharynx formation after transplantation, using molecular markers to detect body patterning. It has been shown by various investigators that when a prepharyngeal or postpharyngeal fragment is transplanted into the postpharyngeal or prepharyngeal region, respectively, one or two pharynxes are formed (Santos, 1929 (Santos, , 1931 Miller, 1938; Sugino, 1934a, b, 1937) . These phenomena have been explained by mechanisms proposing that differences in positional identity between the graft and the host cause intercalary regeneration by remodeling (Child, 1941; Chandebois, 1984) , or that the host responds to signals derived from the graft which induce formation of ectopic pharynxes (Kido, 1952 (Kido, , 1957 Asai, 1980; Kishida and Asai, 1984; Asai and Kishida, 1985) . It has not been proven, however, that intercalary regeneration really occurs during pharynx formation after transplantation. Furthermore, it has been unclear whether ectopically formed pharynxes are derived from the host or donor cells.
Although many studies involving transplantation experiments have been published, signi®cant questions remain unanswered because of the lack of analyses at the cellular level. Recently, we have succeeded in dissection of the planarian body with cell type-or region-speci®c marker genes: PH04, Djotx-a, Djotx-b and Djotp (head region, Agata et al., 1998; Umesono et al., 1997 Umesono et al., , 1999 , PN8 (prepharyngeal and tail region, Kato et al., 1999) , DjMHC-A (pharynx region, Kobayashi et al., 1998 Kobayashi et al., , 1999 and a tail-speci®c homeobox genes, Plox4, Plox5 and DjAbd-Ba (tail region, Orii et al., 1999; Nogi et al., unpublished) , and in development of a chimeric analysis method in which the host and donor cells can be distinguished . We have also succeeded in identi®cation of the putative totipotent stem cells by a planarian vasa-related gene, DjvlgA (Shibata et al., 1999) . In the present study, we demonstrate at the cellular level how ectopic pharynxes arise after transplantation.
Results

Ectopic pharynx formation after grafting into the tail region
We transplanted a small piece of the head (H), prepharyngeal (M) or tail (T) region to the postpharyngeal region of other worms (Fig. 1A,B,G,L) . In worms transplanted with a head piece, a white region formed at the margin of the graft after 7 days (Fig. 1C arrows) . This white region looked like the blastema, which is composed of unpigmented tissue that arises at the wound surface after cutting. The white region began to grow, and the graft protruded dorsally or ventrally (Fig. 1D ). These samples were sectioned and stained with cresyl violet or subjected to in situ hybridization with a probe for DjMHC-A to analyze pharynx formation. Three weeks after grafting, one or two pharynxes were induced, one each in the regions anterior and posterior to the graft (Fig. 1E ,F, arrow and arrowhead, Table 1); the anterior pharynx had reverse polarity along the A-P axis (Fig. 1E, F, arrow) . These ectopic pharynxes were formed at a distance from the graft, and most of the anterior pharynx shared the pharynx cavity of the host pharynx.
In the worm transplanted with a prepharyngeal piece, a small white region was formed at the margin of the graft at 7 days after grafting (Fig. 1H) , and the graft protruded a little dorsally or ventrally at 3 weeks after grafting (Fig. 1I) . After sectioning these samples, analyses revealed that one or two ectopic pharynxes were formed in the regions both anterior and posterior to the graft (Fig. 1J ,K, Table 1 ), and the anterior pharynx had reverse polarity (Fig. 1K) . In these cases, however, the ectopic pharynxes were formed adjacent to the graft, and the pharynx cavity of the anterior pharynx arose independently from the host cavity (Fig. 1K) .
In the worm transplanted with a tail piece, no blastemalike region formed (Fig. 1M) . Protrusion of the graft was not observed even at 3 weeks after grafting (Fig. 1N) , and the margin of the graft healed completely. No evidence of ectopic pharynx formation was observed in sections after analysis by in situ hybridization ( Fig. 1O ,P, Table 1 ). These results indicate that ectopic pharynxes were always formed when pieces anterior to the pharynx were transplanted in the tail region, but the position of the ectopic pharynxes varied depending upon the grafts.
Regional reorganization after grafting into the tail region
In order to investigate the cellular events after grafting in more detail, we performed whole-mount in situ hybridization with various molecular markers. PH04 is speci®cally expressed in neuronal cells of the cephalic ganglions (brain) and ventral nerve cords. In the graft of the head piece, the inverted U-shaped structure of the brain of the graft was clearly observed at 7 days after grafting ( Fig. 2A) , indicating that the graft remained in its original state. Fourteen days after grafting, however, a cluster of cephalic ganglions was formed in the region anterior to the graft (Fig. 2B ). Twenty-one days after grafting, a complete new cephalic ganglion was formed with an inverted U-shaped structure in mirror-image symmetry with respect to the brain of the graft (Fig. 2C) . These results clearly indicated that the head region was ectopically formed in reverse polarity adjacent to the grafted head piece.
In addition, analysis of the expression of PN8 also revealed ectopic formation of prepharyngeal region near the graft. In intact planarians, PN8 is not expressed in the head region, but is strongly expressed in both the dorsal and ventral sides of the prepharyngeal region between the head and pharynx. In the pharynx and tail regions, PN8 is expressed as three stripes on the ventral side (Fig. 3A) . In the graft of the head piece, PN8 was expressed on the dorsal side in the regions both anterior and posterior to the graft (Fig. 3B ). This result suggests that prepharyngeal regions were also arose ectopically in the regions both anterior and posterior to the head graft. In contrast, expression of PN8 was down-regulated in the regions where ectopic pharynxes were formed. In the grafts of the prepharyngeal and tail pieces, however, ectopic expression of PN8 was not observed, suggesting that ectopic formation of prepharyngeal region did not occur in these transplantations (Fig.  3C,D) . These results are summarized in Fig. 4 . In the graft of the head piece (H), ectopic head is formed in the region anterior to the graft in a mirror-symmetric manner, and prepharyngeal regions are formed in the regions both anterior and posterior to the heads. Moreover, pharynxes are formed in the regions both anterior and posterior to the newly formed prepharyngeal regions. Consequently, ectopic pharynxes are formed in regions distant from the graft. In the graft of the prepharyngeal piece (M), two ectopic pharynxes are formed adjacent to the graft. These results suggest that the regionality of the body is reorganized by transplantation, and that the position of the pharynx may be determined by the reorganized body patterning.
Cellular events after grafting into prepharyngeal region
In order to determine if regional reorganization occurs after transplantation to the prepharyngeal region, we grafted a small piece of the head (H), prepharyngeal (M) or tail (T) region to the prepharyngeal region of other worms (Fig.  5A,B ,E,H). In the worm with a head piece transplanted into the prepharyngeal region, a white region formed at the margin of the graft at 7 days after grafting (data not shown), and the graft protruded slightly dorsally or ventrally after 3 weeks (Fig. 5C ). Examination of sectioned samples showed that a single new pharynx arose with regular polarity, and that it shared the cavity of the intact pharynx (Fig.  5C , arrowheads, Table 2 ). Furthermore, expression of PN8 was observed in the regions both anterior and posterior to the graft (Fig. 5D, arrows) . This result indicates that prepharyngeal regions were formed in the regions both anterior and posterior to the graft.
In contrast, in the worms transplanted with a prepharyngeal piece, the grafts never formed such white regions or protruded at 3 weeks after grafting (data not shown). No new pharynx was formed (Fig. 5F, Table 2 ) and no ectopic expression of PN8 was observed (Fig. 5G) .
In the worm transplanted with a tail piece, a white region was formed at the margin of the graft at 7 days after grafting (data not shown), and the graft protruded dorsally or ventrally after 3 weeks (Fig. 5I) . One ectopic pharynx was formed in the region anterior to the graft, and one in the posterior region, and the posterior pharynx arose with reverse polarity (Table 2) . Some of these pharynxes were incomplete, but accumulation of DjMHC-A-positive cells was observed (Fig. 5I, arrows) . Expression of PN8 was down-regulated in the region posterior to the graft, but in the region anterior to the graft, expression of PN8 was spread more anteriorly (Fig. 5J) . These results are summarized in Fig. 6 . As for the case of transplantation into the tail region, regional reorganization also occurred in the case of transplantation into the prepharyngeal region. In the graft of the head piece (H), a prepharyngeal region formed between the host and grafted heads, and interestingly in the region posterior to the graft, an ectopic pharynx was frequently spread in the host cavity (Fig. 6H) . In worms transplanted with a prepharyngeal piece (M), no morphological change was observed. In worms transplanted with a tail piece (T), the prepharyngeal region spread anterior to the graft and one ectopic pharynx was formed in the region anterior, and one in the region posterior to the graft. These pharynxes were formed adjacent to the graft, and the posterior ectopic pharynx had reverse polarity.
Chimeric analyses
We investigated the origin of the ectopic pharynx by chimeric analyses. Chimeras were made between two clonal strains of Dugesia japonica, HI and GI, such that, small fragments of GI were transplanted into HI. PH20, which encodes a retrotransposon (Agata et al., unpublished data) , is expressed more strongly in GI cells than in HI cells, which enables us to clearly distinguish the two cell types by in situ hybridization. Three days after grafting a GI head piece into an HI tail, PH20 was expressed in the GI cells with a clear boundary (Fig. 7A) . Three weeks after grafting, the two ectopic pharynxes were only slightly stained, indicating that they were derived from the host (HI) cells (Fig. 7B) . A high-magni®cation view (Fig. 7C) showed that GI cells were located in the cephalic ganglion, which contained a newly formed brain, and that a few GI cells were integrated into the host intestinal duct and body-wall muscle. However, most GI cells in the mesenchymal space were replaced by HI cells. In HI worms with GI tail pieces transplanted into their prepharyngeal region, PH20-expressing GI cells maintained a clear boundary at 2 days after grafting (Fig. 7D) . After 18 days of chimerism, one pharynx was formed in the region anterior to the graft, and this pharynx was mainly formed from donor (GI) cells (Fig. 7E) . Integration of GI cells was also observed in intestinal ducts, bodywall muscles and epidermis. These chimeric analyses demonstrated that the cells forming the new pharynx were not derived exclusively from either host or donor cells, suggesting that the stem cells of both the host and donor may differentiate in accordance with the reorganized body pattern.
Expression of a Hox gene in transplanted worms
It is known that regional identities are regulated by Hox/ HOM-C genes in many organisms. To investigate the molecular mechanisms underlying regional reorganization after transplantation, changes in the expression pattern of a Hox gene were analyzed by whole-mount in situ hybridization. In planarians, one of the Hox genes, DjAbd-Ba, is increasingly expressed along the A-P axis from the prepharyngeal portion of the body to the tail (Fig. 8A) . In worms with a head piece transplanted into the tail region, expression of DjAbd-Ba was restricted to the posterior region of the host by 7 days after grafting (Fig. 8B) . In worms with a tail piece transplanted into the prepharyngeal region, expression of DjAbd-Ba was detected in the tail regions of both host and graft (Fig. 8C) . These results indicated that the expression of DjAbd-Ba along the A-P axis was apparently regulated after grafting. These results provide conformation at the molecular level of changes in regional organization after transplantation. 
Discussion
Ectopic pharynx formation and regional reorganization after grafting
Formation of an ectopic pharynx after transplantation of the head piece into the tail region, or vice versa, has been described by many investigators (Santos, 1929 (Santos, , 1931 Miller, 1938; Okada and Sugino, 1934a,b) , yet the mechanisms underlying ectopic pharynx formation are not understood. In this paper, we have extensively analyzed the events following transplantation at the cellular level, using cell-type-speci®c molecular markers. The results clearly indicated that ectopic pharynxes were formed as a conse- quence of``intercalary regeneration''. The postpharyngeal region anterior to the graft underwent drastic changes when a head piece containing the eyes was transplanted into the tail (Figs. 1±3) . Two weeks after transplantation, ectopic head and prepharyngeal region of reverse polarity, as well as pharynx, were formed in the postpharyngeal region anterior to the graft. The postpharyngeal region had changed to an almost-entire planarian. This can only be explained bỳ`i ntercalary regeneration'' between the host and the grafted piece.
Chimeric analyses
The results of chimeric analyses clearly indicated that newly formed pharynxes originated from the host cells when the head piece was grafted into the postpharyngeal region. This is interpreted as indicating that the regional identity of the graft was maintained, but that of the host was affected by transplantation of the head piece. Nevertheless, integration of some donor cells into the newly formed cephalic ganglion and intestine adjacent to the graft was sometimes observed. Furthermore, in the case of the transplantation of the tail piece into the prepharyngeal region, both donor and host cells participated in the formation of the pharynx. These results suggested that ectopic interactions between host and donor cells may cause changes in both.
Function of the blastema in planarians
In previous papers, we suggested that the body pattern along the anterior-posterior (A-P) axis may be reorganized immediately after amputation, and that undifferentiated cells distributed in the mesenchymal space are induced to differentiate into pharynx-muscle-forming cells in accordance with the reorganized body pattern (Kobayashi et al., 1999; Shibata et al., 1999) . This interpretation is also applicable to the results obtained in the transplantation Fig.4B ,E,H, respectively. experiments. When a tail piece is grafted to the prepharyngeal region, interaction occurs between the prepharyngeal region of the host and the tail piece of the donor. Consequently, prepharyngeal and pharynx regions are formed in the region anterior to the grafted tail piece. The process observed after transplantation of the tail piece into the prepharyngeal region corresponds precisely to the regeneration process from the head piece. The transected head piece forms a blastema at its cut surface. This blastema acts as``tail'', and interaction between the intact head and blastema reorganizes the body pattern along the A-P axis. When a head piece is grafted to the postpharyngeal region, interaction occurs between the host tail region and the donor head, giving rise to prepharyngeal and pharynx in the region posterior to the head graft. This phenomenon can be understood as corresponding to regeneration from the tail piece. The transected tail piece forms a blastema in its cut surface, and this blastema acts as``head''. An interaction occurs between the blastema and the intact tail, thereby reorganizing the body pattern along the A-P axis. Thus the cellular events induced after transplantation may also occur in the process of regeneration. From these observations, we speculate that the blastema formed during planarian regeneration may operate as the center of regeneration.
Hox expression and regional reorganization
In the case of transplantation experiments, a dynamic change of Hox gene expression is completely correlated with regional reorganization, as already observed during regeneration . This suggests that Hox genes may be important regulators of regional identity in planarians, as in other animals. We have not succeeded, however, in identifying the molecule that affects the expression pattern of the Hox genes along the A-P axis. Retinoic acid is known to regulate expression of Hox genes in vertebrates and protochordates (Durston et al., 1989; Ruiz i Altaba and Melton, 1989; Conlon and Rossant, 1992; Sundin and Eichele, 1992; Katsuyama et al., 1995; Holland and Holland, 1996; Suzuki et al., 1999 ), yet when high concentrations of retinoic acid or synthetic retinoid were added, neither the expression pattern of the Hox gene, nor the pattern of the regeneration were affected detectably (data not shown). Even when beads soaked in a solution containing a high concentration of retinoic acid or synthetic retinoid were implanted into the planarian body, the worms could regenerate without any perturbation (data not shown). These results may suggest that retinoic acid is not involved in morphogenesis or regional reorganization in planarians. We would like to identify the molecule(s) controlling Hox 
Materials and methods
Animals
Two clonal strain of planarian Dugesia japonica were used, namely GI and HI, which were established in our laboratory. GI and HI originated from the Irima river, Gifu Prefecture, and Iwayadani Park, Hyogo Prefecture, respectively. These were bred in boiled tap water at 14± 188C by feeding chicken liver twice a week. GI was mainly used in this study and HI was used for chimeric grafting with GI.
Microsurgery
Microsurgery was performed on intact planarians (12± 15 mm in length). A small piece of the head, prepharyngeal or tail of the planarian body was cut out using a pasteur pipet (about 0.6±1 mm diameters), and grafted into the tail or prepharyngeal region of another planarian with the original orientation. The planarians were kept wet after surgery at 108C for 24 h, and were then kept in at 148C. Subsequently, the animals were ®xed at 7 days, 14 days or 28 days after the grafting.
To make GI/HI chimeras, a small piece of the head or tail region of GI was grafted into the tail or head region of HI, respectively. The chimeric planarians were maintained as above, starved for a week prior to ®xation.
Histology and in situ hybridization
Samples for section were ®xed in modi®ed relaxant solution, 1% HNO 3 , 2.25% formalin, 50 mM MgSO 4 , in modi®ed Holt¯eter's solution for 12±24 h. After ®xation, samples were dehydrated, embedded in paraplast (Oxford), sectioned to 4 mm in thickness and then mounted on albumin-coated glass slides. After de-paraf®nation in xylene and hydration through the ethanol series, some sections were stained with cresyl violet for 10 min. Others were used for in situ hybridization according to Kobayashi et al. (1998) .
Samples for whole mount in situ hybridization were treated with 2% HCl solution for 5 min to remove the mucus. After that they were ®xed in Carnoy's solution for 3 h, and incubated in methanol containing 15% H 2 O 2 under light for 14 h at room temperature. Hybridization was performed according to method of Umesono et al. (1997 Umesono et al. ( , 1999 and Agata et al. (1998) . The probes used in this study (Table 3) were DjMHC-A (planarian myosin heavy chain gene: Kobayashi et al., 1998) , PH04 (planarian pro-hormone convertase 2 homolog: Agata et al., 1998) , PN8 (the mucous core protein gene, Agata et al., unpublished) , PH20 (planarian retrotransposon, Agata et al., unpublished) , Djotx-b Table 3 The markers used in this work
Gene
Cell type Comment
DjMHC-A Pharynx muscle cells
Myosin heavy chain gene (Kobayashi et al., , 1999 
